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Abstract. A43 1 resistant variants to epoxomicin (EXM) were 
established, showing 4.0-6.7 times more resistance to EXM 
than parental A431P . Both variants demonstrated increased 
expression of the 8-subunit molecules of 26S proteasome with 
approximately 2.5 times increased activity. In variant cells, 
cyclin B and P34 cdcJ were over-expressed, whereas P21 WAFI 
was expressed at a similar level to A431P. Because of the 
proteasome inhibitor acting as a G2/M blocker, results are to 
the advantage of resistant cells proliferating in the presence 
of an inhibitor under a severe environment. Variant cells 
showed increased expression of epidermal growth factor 
receptor (EGFR) and decreased expression of mRN A, but also 
slight accumulation of protein of c-Cbl, which is a negative 
regulator of EGFR possessing ubiquitin ligase activity to 
desensitize EGF signaling. UbcH7, acting intimately with 
c-Cbl, was decreased in level compared to A431P. These 
phenomena can be regarded as one of the causes of prevention 
of c-Cbl-mediated down-regulation of EGFR in variant 
cells, enabling them to live. The anti-apoptotic Bcl-2 mainly 
consisted of a phosphorylated form with resistance to protea- 
somal degradation, suggesting that Bcl-2 phosphorylation 
occurred independently of its apoptotic function. Variant cells 
showed resistance not only to EXM, but to the S proteasome 
inhibitors, while demonstrating collateral sensitivity to doxo- 
rubicin. 

Introduction 

The ubiquitin/proteasome system is an extralysosomal, ATP- 
dependent protein degradation system. It participates in the 
control of many cellular signals that concern proliferation, 
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growth, differentiation and death, namely apoptosis, of the 
cells (1-6). It is the 26S proteasome that serves as the center 
of this degradation mechanism and is within the huge enzyme 
complex, which acts as the center of the functional control of 
the cell (1-7). The suppression of proteasome activity that 
participates in many life phenomena leads to death, i.e. 
apoptosis of the cell. The use of such inhibitors for this multi- 
functional enzyme complex, 'proteasome' as anti-cancer drug 
has been attempted in recent years (8-20). Proteasome inhibitor 
is a drug with highly anticipated efficacy as an an ti -cancer 
drug for clinical use. To evaluate the possible generation of 
cells resistant to the inhibitor and their specific properties 
it is necessary to work out a strategy for the second line 
chemotherapy. PS-341, an inhibitor, is already undergoing a 
clinical-phase trial for several malignant tumors including 
multiple myeloma (9,10,12,17,21,22). However, there are 
scarce data available on the clinical use of a proteasome 
inhibitor as an anti-cancer drug. In addition to noting any 
systemic side effect, if cancer cells acquiring resistance to 
a proteasome inhibitor reappear after inadequate or 
incomplete cancer therapy, the very careful use of this type 
of agent is necessary. Th erefore, a squam ous cell ca rcinoma 
c ell line (A431EXM) resistant to" epoxomicin (EXM) (2 3). 
w hich is a proteasome-specific inhibitor, was established and 
some features were examined to overcome the resistance to 
treatment. 

Materials and methods 

Materials. EXM, N-benzyloxycarbonyl-Leu-Leu-Leu-CHO 
(MG132), N-acetyl-Leu-Leu-Nle-CHO (ALLN), N-benzy- 
loxycarbonyl-Ile-Glu(OBuO-AIa-Leu-CHO (PSI), and lacta- 
cystin were purchased from the Peptide Institute (Osaka, 
Japan). 4-Hydroxy-5-iodo-3-nitrophenylacetyl-Leu-Leu-Leu- 
vinylsulfone (NLVS), N-succinyl-Leu-Leu-Val-Tyr-7-amino- 
4-methyI-coumarine (suc-LLVY-AMC), acetyl- Asp-Glu- 
Val-Asp-a-(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA) 
and doxorubicin (DXR) were obtained from Calbiochem 
(San Diego, CA, USA). X-protein phosphatase was purchased 
from New England Biolabs Inc. (Daiichi Pure Chemicals, 
Tokyo, Japan). All other chemicals were reagent grade. 

Cells and culture. The human squamous cell carinoma cell 
line, A431 (designated as A431P in this study), obtained from 



PACE 51/65 * RCVD AT 5/23/2006 1 :1 5:38 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-3/14 • DNIS:2738300 * CSID: * DURATION (mm-ss):45-42 



MA Y-23-200S 1 4 : 02 



KENYON 2. KENYQN 



P. 52 



426 



OHKAWA elai. PROTEASOME rNHIBITOR-RESISTANT A43 1 CELLS 



the Japanese Cancer Research Resources Bank (JCRB, Tokyo, 
Japan), was maintained in Dulbecco's modified minimum 
essential medium supplemented with 5% heat-inactivated 
fetal bovine serum (FBS). The human erythrocytic leukemia, 
multidrug resistant (MDR) variant cell line, K562/DXR, was 
maintained in RPMI 1640 with 10% FBS and 200 nM DXR 
as reported previously (24). Cell passage was carried out once 
weekly. 

Establishment of EXM-resistant variants. EXM-resi stant 
variants of A43 1 were ob tained by expo sure to ham ifs 
follow s, initial induction or resistance was acnieved by 
continuous exposure of A431 cells to EXM (6.25 nM) over 2 
months. Growing resistant cells were further treated with 
gradually increasing concentrations of EXM (increasing 
every 4 weeks) until the concentration finally reached 12 nM 
of EXM. The resistant A43 1 cells that survived exposure to 
12 nM EXM were designated as A431EXM. A431EXM cells 
were cloned by the limiting dilution method in a 96-well 
culture plate. After the cytotoxic assay, two clones named 
A431EXM-1 and A431EXM-2 were maintained in the presense 
of 12 nM of EXM. 

Cytotoxic assay. Harvested cells were washed, seeded and 
cultured for 17 h without EXM or DXR. Then, cytotoxicity 
of DXR or various proteasome inhibitors as described in 
Materials and methods was determined by 3-(4,5-dimethyl- 
thiazol-2-yl)-2,5 diphenyl tetrazorium bromide (MTT) assay 
after a 72-h incubation as reported previously (25). Physiologic 
(0.9%) saline and dimethyl sulfoxide (DMSO) were used as 
controls, respectively. The results were expressed by the 
following equation: viable cells (%) = 100 x (absorbance at 
570 nm of the treated cells)/(absorbance at 570 nm of the 
untreated control cells). 

Sodium dodecylsulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and Western blot analysis. Cells were harvested 
and cell lysates were prepared using lysis buffer (50 mM Tris- 
HC1, pH 7.5, 0.15 M NaCl, 1% sodium deoxycholate, 1 mM 
EDTA, 1 mM PMSF, 1 mM Na^VO,, 1 mMNaF, 1% Triton 
X-100, 1 |xg/ml aprotinin, leupeptin) as described previously 
(26). SDS-containing and heat-denatured cell lysates were 
electrophoresed and the gels were transblotted to nitro- 
cellulose filters. After blocking with bovine serum albumin, 
the blots were incubated with the corresponding primary 
antibodies followed by either alkaline phosphatase- or 
horseradish peroxidase-labeled anti-mouse IgG and the 
signals were developed with an alkaline phospatase substrate 
or enhanced chemiluminescence (Pierce, Rockford, IL, USA). 
The primary antibodies used were the anti-multi-ubiquitin 
chain (FK 2, MBL, Nagoya, Japan), -P32 and -P27 of a 
cylinder particle in the 20S proteasome (Progen Biotechnik, 
Heidelberg, Germany), -P21 WAFI , -cyclin B, -P34« fcJ (cyclin- 
dependent kinase 1, CDK1), -Bcl-2, -UbcH7, -epidermal 
growth factor receptor (EGFR), -c-Cbl (Transduction 
Laboratories, Lexington, KY, USA), -P-glycoprotein (P-gp, 
C219, Centcor, Malvern, PA, USA), and -actin (C-2, Santa 
Cruz Biotechology, Santa Cruz, CA, USA). The protein 
content of the samples was determined using a Coomassie 
protein assay (Pierce). 



Assay for proteasome activity. Proteasome activity in cytosolic 
extracts was quantified using the fluorogenic proteasome 
substrate, suc-LLVY-AMC. Cytosolic extract (50 |*g protein 
in 20 |il) was incubated in a 1 00-fil reaction mixture containing 
50 mM HEPES, pH 7.5, 2 mM dithiothreitol, 0.035% SDS, 
10% glycerol, and 100 \lM suc-LLVY-AMC at 37'C for 
10 min. Fluorescence was determined at 380 nm excitation/ 
460 nm emission, by means of a spectrofluorophotometer 
(RF-5300PC, Shimadzu, Tokyo, Japan). 

Phosphatase treatment. Cells lysates were prepared using 
50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1 mM DTT, I mM 
EDTA, 1 mM PMSF, 1% Triton X-100, 1 ng/ml aprotinin, 
1 .5 mM MnCIj. Lysates were incubated with or without X- 
protein phosphatase (4 units/pJ) for 0.5, 1, or 30 min at 30"C. 
The reaction was terminated by adding SDS-containing sample 
buffer and boiling for 5 min. 

Assay for caspase 3 activity. Caspase 3 activity was determined 
as described previously (25). Briefly, 100 Ug of cell rysates 
and 1 00 pM of Ac-DEVD-MCA, substrate, in 50 mM HEPES, 
pH 7.5, 10% glycerol and 2 mM dithiothreitol, were incubated 
for 10 min at 37'C. Fluorescence was measured using the 
method mentioned above. 

Expression levels of c-Cbl. EGFR. cyclin B and CDK 1 mRNA 
by reverse transcription-potymerase chain reaction (RT-PCR). 
Total RNA was isolated from cells using TRIzol LS reagent 
(Gibco-BRL, Tokyo Japan) according to the manufacturer's 
instructions. Single-stranded cDNA was synthesized from 1 pg 
of RNA using the TrueScript II Reverse Transcriptase kit 
(Sawady Technology Inc., Tokyo, Japan). Reverse transcription 
was performed for 10 min at 25*C and 1 h at 55*C, and the 
samples were subsequently heated for 5 min at 95*C to 
terminate the RT reaction. With the cDNA obtained, a PCR 
reaction was performed using 1 |il of the RT reaction mixture 
as a template. The PCR reaction mixture consisted of 0.5 units 
of Ex Taq polymerase (Takara, Tokyo, Japan), 200 \xM 
dNTP mixture, 1 uM of sense primer, and 1 JiM of antisense 
primer in 20 pi of the final reaction volume. The tubes were 
incubated in a GeneAmp PCR system 9700 (Perkin-Elmer, 
Applied Biosystems, Foster City, CA) at 94"C for 1 min to 
denature the primers and cDNA. The cycling program was 
98"C for 10 sec, 55*C for 30 sec, 72*C for 1 min, and for 
10 min in the last cycle. The number of cycles was 30 for 
all molecules. For the PCR reaction, B-actin was used as 
the internal control. The following primer sequences in 
each gene were used: c-Cbl sense 5'-CCCTTGGAAG 
AGCTTTCGAC-3', c-Cbl antisense 5'-CCCACTGACCCA 
GACGAGTA-3' (311 bp as PCR product); EGFR sense 5'- 
ATGCG ACC CTCCGGGACGGCC-3 ', EGFR antisense 5'- 
CCCGGGGGCCTGTGCAGCCTG-3' (733 bp as PCR 
product); cyclin B sense S'-TTAATGCTGAAAATAAG 
GCG-3', cyclin B antisense 5'-CAATTATTCTGCATGA 
ACCG-3' (680 bp as PCR product); CDK 1 sense 5'-GGT 
TCCTAGTACTGCAATTCG-3', CDK 1 antisense 5'-TTTGC 
CAGAAATTCGTTTGG-3' (709 bp as PCR product); and 
fi-actin sense 5'-AACACCCCAGCCATGTAC-3\ B-actin 
antisense 5'-ATGTCACGCACGATTTCC-3' (254 bp as PCR 
product). 
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Figure 1. EXM-resistant cell lines show increased proteasome activity. (A), Non-accumulation of mulli-ubiquitinated proteins in resistant cells. A43IP and 
EXM-resistant cells (A431EXM-1, -2) before (6ws) and after cloning (-1, -2) were treated with DMSO (-, as control) or 20 nM EXM for 7 h. Cell lysaics 
were prepared by the method described in Materials and methods. After SDS-PAGE/Westem blot analyses, resultant filters were probed with FK2 antibody. 
(B), Increased expression of Q-subunits of 20S proteasome. Western blotted filters were probed with anti-P32 and -P27, recognizing B-subuntts molecules of 
cylinder particles in the 20S proteasome. Anti-actin antibody was used as a loading control. (C), Elevated proteasome activity in resistant cells. The 
measurement of activities in the lysates was carried out using fiuorogenic peptide substrate, suc-LLVY-AMC as described in Materials and methods. Results . 
represent the mean ± SD of duplicate determinations of 2 independent experiments. Statistical significance: *P<0.05, relative to A431P samples based on the 
Student's West. kDa, kilodalton. 



Results and Discussion 

Establishment of resistant cell lines. Initial induction of 
resistance was achieved by continuous exposure of A43 1 
parental cells (A431P) to EXM over 3 months, and two 
stable clones (A431EXM-1; \C X = 14 nM, A431EXM-2; 
ICjo = 20 nM) showing 4.0-6.7 times more EXM resistance 
than A431P (IC 50 = 3.6 nM) were established. 

Some biochemical features of resistant cell lines. Despite the 
influence of EXM, neither of the resistant cell lines showed 
any accumulation of high molecular weight ubiquitinated 
proteins, which was a typical reaction after the treatment 
of cells with a proteasome inhibitor (Fig. 1A) (5,27). The 
qualitative and quantitative change of the proteasome activity 
of both resistant cell lines was adequately estimated. Actually, 
the expression of fl-subunit molecules, P32 and P27, of the 
cylinder particle in the 20S proteasome increased in each 
clone as determined using Western blot analyses (Fig. IB). 
It has been reported that in several diseases (28,29), such 
qualitative and quantitative change of the subunit parts in the 
20S proteasome was detectable. It may be useful to further- 
analyze the proteasomal subunit change in individual diseases 
in the future. The increased protein levels of subunit molecules 
were well correlated with the proteasome activity estimated 



by means of suc-LLVY-AMC degradation (Fig. 1C). This is 
the first report for the establishment of resistant cell lines 
against proteasome inhibitor with constant up-regulation of 
the 26S proteasome subunits, although transient up-regulation 
of the enzyme subunits was noted by treatment of cells with 
the proteasome inhibitor (30). 

Some representative molecules involving mainly cell 
proliferation, those were degraded via a proteasome- 
dependent system, in the resistant cells were determined 
(Fig. 2). Non-detectable proteasome inhibition in resistant 
cells was confirmed from the fact that the protein level of 
P21 WAFI , cyclin-dependent kinase inhibitor, which is degraded 
by proteasome, was expressed in the resistant cell lines to 
the same degree as control A43 IP cells (Fig. 2A). It has 
been reported that the tumor suppressors, P53, P27, and 
P21 WAF1 , are degraded by the proteasome and treatment with 
proteasome inhibitors in general up-regulates their intracellular 
concentration (12,30-33). Since the expression of P21 WArl in 
resistant cells in this study was at a similar level to that of 
control cells without any obvious accumulation, it can be 
assumed that the resistant cell lines maintain sufficient ability 
to proliferate. It has been demonstrated that the A43IP cell 
line lacked activity of the P53 tumor suppressor gene 
product with the gene mutation (34). It is also known that 
P2iwafi ; s a downstream product of the P53 tumor 
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Figure 2. Expression of growth-related proteins in EXM-resistant cell lines. (A), A43IP and EXM-resistant cells were cultured with grow* media and with 
growth medta^plemenred with 14 or 20 nM EXM, respectively. After preparing the cell lysates, SDS-PAGE/Westcrr, blot analyses were performed using 
Selective antibodies. In Bcl-2. the arrowhead indicates the slower migrating Bcl-2 bands. (B), A431EXM-2 cell lysates were mcubated wih (+) or w.fcout 
M x-protein phosphatase fPP) for OJ, 1.0, or 30 rain at 30"C. SDS-PAGE/Western blot analysis was performed using anti-Bcl-2 anU^dy. The arowhead 
indicate the slower migrating Bcl-2 bands. (CandE), RT-PCR analyses ofEGFR, cCU, cyclin B and CDK1 mRNA expression in A431P and KCM-resuaaut 
variant cells were determined. Total RNA was reverse transcribed in Materials and methods. B-actin (lagment was used as an internal control. The size Of the 
products was determined from the mobility of the DMA size marker. (D), Protein expression of cyclin B and CDK1 . Each group of cells was treated as in Fig. 1 A. 
After preparation of the cell lysates. SDS-PAGE/Western Wot analyses were carried out. For cyclin B, the 2nd arrowhead indicates the slower migrating, probable 
ubiquitmated bands. kDa, kilodalton. 



suppressor gene, but its accumulation after proteasome 
inhibition is not always P53-dependent (9). Since a transient 
but obvious over-expression of P21 WAFI in cells continuously 
exposed to EXM, compared with that in control non-treated 
A431P cells, was detectable during the process of acquiring 
resistance to EXM (Fig. 2A, indicated as 6ws), it can be 
deduced that P53-deficient A431 cells usually express P21 WAFI . 
In EXM-resistant cells, cyclin B and CDK1, both mRNAs 
and proteins, were over-expressed as compared with those in 
parental A431P cells. These cellular responses may be 
necessary to maintain proliferating activity under the G2/M 
phase blocking effect of EXM (Fig. 2D and E) (9,17). EXM- 
resistant cells over-expressed the cyclin B band (62 kDa) 
with faster migration. It is well known that the cell cycle 
progression requires several checkpoints (35) and progression 
through the eukaryotic cells requires the activity of a set of 
distinct cyclin-CDK complexes (36). A complex of CDK1 
and cyclin B, mitotic cyclin, which accumulates during inter- 
phase to drive the initiation of mitosis and is degraded by 
the ubiquitin/proteasome system at the end of mitosis to 
reset the cycle, has been known as the essential factor for 
G2/M traverse as well as cell cycle progression (37-39). 
Since degradation of cyclin B is essentially required for the 
transition from telophase into the subsequent interphase, the 



cyclin B mutation with the destruction box drives the cell 
into mitosis, but arrests cell division in telophase, leading to 
apoptosis (38-40). In contrast to EXM-resistant cells, transient 
7-h treatment of A431P cells with EXM (20 nM) led to 
accumulation to an obviously higher level of cyclin B with a 
slower migrating band (64 kDa), which probably was the 
ubiquitinated form, and which was also detectable but only at 
a slight level in A43 IP cells (Fig. 2D, arrowhead). These results 
were recognized as reasonable intracellular modifications for 
cellular growth to overcome and adapt to the toxic effect of 
proteasome inhibitor. 

Bcl-2, one of the key factors of apoptosis, in EXM cells 
was discernible as two bands of different electrophoretic 
mobility: a small but detectable level estimated to be an 
approximately 26-kDa faster migrating band corresponding 
to unmodified Bcl-2, and a main slower migrating 28-kDa 
band representing the phosphorylated form of the Bcl-2 
protein (17,41,42) rather than the unmodified protein (Fig. 2A). 
The treatment of cell lysates prepared from EXM-resistant 
cells with X-protein phosphatase resulted in the time-dependent 
acceleration of the mobility of slower migrating 28-kDa band, 
indicating that the Bcl-2 in EXM-resistant cells was mainly 
phosphorylated (Fig. 2B). The slower migrating band was 
also detected in the control parental cells, but the expression 
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was 1/10 less than that of EXM (Fig. 2A, arrowhead). The 
role of phosphorylation of Bcl-2 in activating or inhibiting its 
apoptotic function remains controversial. Under the influence 
of anti-ca"ncer agents such as a microtubule-damaging agent, 
several reports have shown that they induced Bcl-2 phos- 
phorylation and inhibited its anti-apoptotic function (43-49). 
However, other reports demonstrated that the Bcl-2 phos- 
phorylation occurred independently of its anti-apoptotic 
function and the phosphorylated Bcl-2 appeared to be 
resistant to proteasome-induced degradation (41,50-53) 
although Bcl-2 is a protein known to be degraded by protea- 
some (54). This suggests that Bcl-2 phosphorylation could 
play an indirect, but essential role via protection against 
degradation although it does not seem to direcdy regulate the 
anti-apoptotic function of Bcl-2. In the presence of EXM in 
the medium, the existence of cells with accumulation of 
phosphorylated Bcl-2, which is stable against proteasome- 
dependent proteolysis, is advantageous for protection from 
apoptosis. 

It is well known that the A43 IP cell over-expresses EGFR, 
which is a receptor protein tyrosine kinase (34). Both EXM- 
resistant cell lines expressed higher amounts of EGFR-mRNA 
and -protein than the control A43 IP cell line (Fig. 2A and C). 
EGF when bound to its receptor triggers an allosteric activation 
of the intracellular tyrosine kinase domain and this activation 
is essential for the stimulation of various biochemical processes, 
and signaling pathways leading to cell proliferation (55). 
EGF-induced EGFR desensitization is accomplished by 
accelerated endocytosis and degradation of ligand-receptor 
complexes (56,57). Over-expression or delayed-degradation 
of the EGFR in the EXM-resistant cells is a quite reasonable 
and essential cellular response to maintain the dynamic 
proliferating activity under such severe life-and-death 
circumstances in the presence of toxic concentrations of 
proteasome inhibitors. In EXM-resistant cells, it was found 
simultaneously that c-Cbl-protein, an E3 ubiquitin ligase 
containing die RING finger domain (58-63) also had increased 
(Fig. 2A). Ubiquitination of die EGFR is necessary for intra- 
cellular trafficking and degradation of the receptor. c-Cbl 
protein, known to be a negative regulator possessing enzyme 
activity of E3 for EGFR, directly controls down-regulation 
of the receptor by recruiting ubiqui tin-activating (El) and 
-conjugating (E2) enzymes. c-Cbl-mediated receptor sorting 
involves covalent attachment of ubiquitin molecules, and sub- 
sequent lysosomal and proteasomal degradation. In general, 
a correlation was found between the expression of c-Cbl 
and the activity of several receptor protein tyrosine kinases. 
For example, over-expression of c-Cbl protein increased the 
rate of ligand-induced degradation of EGFR (58,60,62,64,65); 
conversely, higher EGFR autophosphorylation was observed 
in cells expressing Iowct levels of c-Cbl (64,66). In the present 
study of EXM-resistant cells with over-expression of EGFR, 
a similar result to that described above was recognized as the 
message of c-Cbl was extremely reduced as compared to that 
of parental cells, in spite of the increased protein level of c-Cbl 
(Fig. 2A and Q. This fact suggested that reduction or inhibition 
of the c-Cbl enzyme activity could enhance recycling and 
probably accumulation of EGFR on the plasma membrane, 
without entering the degradation pathway. It is known that 
c-Cbl protein and Cbl-interacting protein of 85 kDa (CIN85) 
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Figure 3. Cytotoxicity of various proteasome inhibitors on the EXM-resistant 
cell line, A431EXM-2. A43 IP end the resistant cells (JxlO 4 ) were cultured 
with the test materials and DMSO as the control. After a 72-h incubation, 
the cell viability was deteimined by the MTT assay. Results are the means 
of triplicate independent experiments. A431P versus PSI (-♦-), EXM (-*-), 
MG132 (■*-), ALLN (-*-), NLVS lactacysun (-o-). A431EXM-2 

versus PSI (-»-), EXM (-a-), MG132 (»•-), ALLN (-«-), NLVS 
lactacystin (— o— ). 



(67,68) are usually degraded together with EGFR and the 
degradation of EGFR is complete, whereas degradation of 
the CIN85 and c-Cbl proteins is partial in the pathway (69). 
It is likely under such conditions that c-Cbl acts upstream to 
the proteasomal and lysosomal degradation processes. In 
general, most c-Cbl proteins, which are ubiquitinated after 
ligand-induced stimulation (70), are not degraded but 
recovered and recycled in a de-ubiquitinated form in the 
cytoplasm (66,69). This may be one reason why resistant 
cells accumulated the c-Cbl protein despite the severe 
reduction of its mRNA. It is well known that the ubiquitin- 
conjugating enzyme H7 (UbcH7, one of B2 family) is 
associated intimately with the c-Cbl protein in c-Cbl- 
mediated ubiquitination and desensitization of the 
phosphorylated EGFR after ligand-induced activation 
(60,61,71). In EXM-resistant cells, protein expression of 
UbcH7 was extremely low as compared with that in parental 
cells (Fig. 2A), and decreased levels of the UbcH7 must be 
one of the causes of prevention of c-Cbl-mediated down- 
regulation of EGFR in resistant cells. The possibility of 
decreased expression of either El or the de-ubiquitinating 
enzyme cannot be denied because of the low-level 
accumulation of multi-ubiquitinated proteins with a high 
molecular weight in EXM-resistant cells. Further examination 
will be necessary to clarify the precise regulatory mechanism 
of the ubiquitin/proteasome system in EXM-resistant cells. 



Cytotoxic efficacy of various proteasome inhibitors. As shown 
in Fig. 3, when EXM-resistant cells were treated with 6 
proteasome inhibitors, they exhibited higher viability in the 
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Figure 4. Effect of DXR on cytotoxicity and caspase 3 activity in EXM- 
resistant cell line, A43IEXM-2. (A), EXM-resistant cells showed increased 
sensitivity of the toxic effect against DXR. A431EXM-2 or A43IP cells 
(IxlO 4 ) were cultured with various concentrations of DXR. After a 72-h 
incubation, cell viability was determined as Fig. 3. Results represent the 
mean ± SD (bar) of duplicate determinations of 2 independent experiments. 
Bars indicated unless smaller than the points as plotted. 'PO.05, relative 
to A43IP cells (A431P), based on the Student's t-test EXM, A431BXM-2 
cell line. (B), Extreme elevation of caspase 3 activity by the treatment of 
A431EXM-2 cells with DXR. A431P or A431EXM-2 cells were treated 
with or without 1.5 p.M DXR for 12 h. The measurement of enzyme activities 
in lysates was earned out using the fluorogenic peptide substrate, Ac- 
DEVD-MCA as described in Materials and methods. Results represent the 
mean ± SO of duplicate determinations of 2 independent experiments. 
Statistical significance was calculated based on the Student's latest 
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Figure 5. P-gp protein causes a reduced cytotoxic efficacy of proteasome 
inhibitors. (A), Reduced cytotoxicity of proteasome inhibitors against K562/ 
DXR cells. K562/DXR and parental K562 cells (lxlO*) were cultured with 
various proteasome inhibitors at graded concentrations. Viable cells were 
determined by the MTT assay after 72 h of incubation. DMSO as a control. 
Results represent the means of triplicate experiments. In the legend. MQ132/P 
means K562 parental cells versus MO 132 and MG132/DXR means K562/ 
DXR cells versus MGI32, and so on. (B), A431P, A431EXM-1, -2, pre-cloned 
EXM-resistant {6ws) cells and multi-drug resistant, P-gp over-expressing, 
K562/DXR cells were cultured and cell lysates were prepared. SDS-PAGE/ 
Western blot analysis using C219 antibody was performed. Anti-actin anti- 
body was used as a loading control. kDa, kilodalton. 



presence of all inhibitors than parental cells in spite of 
various degrees of sensitivity. This finding indicated that 
the characteristic features of the EXM-resistant cell lines 
generated in this study were sharing a common and basic 
mechanism of resistance with proteasome inhibitors. 

Doxorubicin (DXR) sensitivity of the resistant cells. As shown 
in Fig. 4A, the increased DXR-sensitivity in an EXM-2- 
resistant cell line was demonstrated and the IC 50 of DXR 
on the resistant cell line (40 nM) was about 5.8-fold lower 
than that on A431P cells (230 nM). Supporting this finding, 
caspase 3 activity in the A431P cells increased more than 
13.6-fold after 12 h of incubation with 1.5 uM DXR GC M ) 
as compared to the untreated parental cells. In contrast to 
parental cells, the resistant cells unexpectedly showed an 
elevated caspase 3 activity up to a 38.6-fold higher level as 
compared to the untreated resistant control, in response to 
the same treatment. Consequently, the EXM-resistant cell 
line was approximately 2.38-fold more sensitive to DXR 
than parental cells, indicating a positive result of the DXR- 
sensitivity test (Fig. 4B). Taken together, these findings suggest 
that the resistant cell line against proteasome inhibitors may 



have possessed more apoptosis-inducible, sensitive features 
in response to certain kinds of anti-cancer agent. The anti- 
cancer drugs, DXR, VP- 16 and VM-26, are classified as 
DNA-topoisomerase (Top) II inhibitors and the anti-tumor 
activity of these agents is attributable to their specific 
interference with the breakage/reunion reaction of DNA- 
TopIT (72-76). These drugs result in the accumulation of a 
reversible covalent reaction intermediate, which is the so-called 
cleavable complex. It has been demonstrated that a possible 
new mode of action of this category of anti-cancer drug (77) 
based on the fact that proteasome inhibitors can block VP-16 
or VM-26 induced apoptosis without any inhibition of NF-kB 
activation. The stabilized cleavable complexes induced by 
this type of drug can trigger ubiquitin conjugation to TopII 
resulting in 26S proteasome-mediated degradation of TopII 
(77). Moreover, the TopII cleavable complex is degraded via 
the ubiquitin/proteasome system (77). Proteolysis of TopII 
cleavable complexes with the ubiquitin/proteasome system 
results in exposure of the protein-concealed double strand 
breaks. The exposed double strand breaks can then undergo 
repair; to the contrary un-repaired double strands can trigger 
apoptotic cell death. Down-regulation of TopII must be a 
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critical event for DNA repair or unrepair. The involvement of 
the ubiquitin/proteasome system, which is also recognized in 
Topi-regulation with camptothecin (CPT-11) treatment 
0?4,76), must have a significant influence of the efficacy on 
the Top-targeting anti-cancer drug. The present result 
suggests that EXM-resistant cells with an increased level of 
26S proteasomal activity showed superior cytotoxic 
sensitivity to DXR relative to their parental cells. This result 
also suggests that second line chemotherapy using a Topll 
inhibitor such as DXR and VP- 16 (etoposide) or Topi 
inhibitor (CPT-11) should be conducted although the 
treatment of cancer patients with proteasome inhibitors may 
generate this kind of tumor cell with a proteasome inhibitor- 
resistance phenotype. This theory may explain, although 
further study will be necessary, why several studies 
demonstrated superior cytocidal activity in combination with 
CPT-1 1 and PS-341 (78,79). 

Resistance to proteasome inhibitors is linked to P-gp 
expression. Five out of 6 proteasome inhibitors including 
EXM, used in this study to generate the cells resistant to 
proteasome inhibitor, were actively effluxed from the MDR 
cell line, KL5627DXR, because of the reduced toxic efficacy 
of the inhibitors (Fig. 5A). This indicated that these 5 
inhibitors, except for lactacystin, might act as a substrate, like 
ALLN (80,81), for P-gp, a member of the ATP-binding 
cassette transporters with a 170-kDa integral membrane 
protein encoded by the MDR gene. As shown in Fig. 5B, 
detectable levels of P-gp molecules, which are usually over- 
expressed in MDR cells (80,81), were not found in EXM- 
resistant A431 cells, suggesting that P-gp was not involved in 
the acquisition of resistance to EXM. It has been reported that 
PS-341, a potent proteasome inhibitor currently undergoing 
evaluation in clinical trials, is a poor substrate for P-gp and 
other MDR related proteins (10,12). We could not obtain and 
test PS-341 in our study, however, most of the proteasome 
inhibitors tested were effluxed from the cells by P-gp, 
suggesting that careful therapeutic applications of such drugs 
are necessary in clinical use. 

The A431EXM cell line is a reliable tool for therapeutic 
evaluation with a proteasome inhibitor in pre-clinical trials. 
Moreover, in order to clarify the mechanism(s) of resistance 
to the proteasome inhibitor of A431EXM a wide variety of 
proteasomal functions should be examined and this cell line 
may also be a useful tool. Many additional experiments are 
necessary to characterize and establish the cell line. 
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